Abstract. The current-voltage characteristics and switching dynamics are studied in over-doped (Pb,Bi) 2 Sr 2 CaCu 2 O 8+δ (PbBi2212) and Bi 2 Sr 2 Ca 2 Cu 3 O 10+δ (Bi2223) mesa structures containing a few atomic scale intrinsic Josephson junctions (IJJ) along the c-axis. The cleave-in-vacuum method enables us to avoid the contact problems that are always accompanied by mesa structures. The highest critical current density of the zero-voltage state as J c1 = 3.2 kA/cm 2 among our micron-scale mesa structures of BSCCO cuprates are achieved. Narrowing of the switching probability distribution (SPD) due to suppression of the thermal fluctuation tends to saturate at 5 K, which is regarded as a symptom of macroscopic quantum tunneling (MQT). The crossover temperature between the MQT and the thermal escape regions is estimated as 2.2 K for the sample with the highest J c1 . In the high temperature region, another narrowing in SPD is observed that was attributed to the phase retrapping.
Introduction
Intrinsic Josephson junction (IJJ), which is included in high-T c superconductors, provides peculiar properties as a stack of tunnel Josephson junctions (JJs) [1] . Strong coupling between weakly coupled Josephson junctions that is attributed to single-atomic-layer thickness of superconducting electrodes provides a great variety of phenomena [2, 3, 4] , including various Josephson vortex dynamics in Bi 2 Sr 2 CaCu 2 O 8+δ (Bi2212) single crystals [5, 6] and the emission of coherent terahertz electromagnetic waves [7] . These phenomena are considered collective phenomena among a number of JJs.
Interlayer tunneling spectroscopy (ITS) has been given by a complemental approach through IJJs, where the average of the stacked identical JJs represents a superconductorinsulator-superconductor (SIS) tunnel junction that consists of CuO 2 superconducting electrodes and charge reservoir block layers. Since differential conductance dI/dV as a function of biased voltage V in an SIS tunnel junction is a probe of the quasiparticle density of the states in CuO 2 layers, ITS, as well as scanning tunneling spectroscopy (STS) and angular resolved photoemission spectroscopy (ARPES), contributes to understanding the mechanism of high-T c superconductivity [8, 9] . However, the experimental results of ITS include ambiguity about the number of stacked-JJ N because N has not been less than the order of 10 so far. Quite recently, You et al. stimulated the relevance of investigation in samples consist of a single IJJ in order to avoid the ambiguity. Subsequently, we successfully prepared samples with a few IJJ's of mesa and bridge structures [10, 11] .
On the other hand, macroscopic quantum tunneling (MQT) in a JJ has been investigated for the phase quantum bit (qubit) implementations since 1980's [12, 13] . The Josephson qubit, which has an advantage for integrated circuit designing despite its short coherence time, has been operated below 100 mK, requiring huge cost and time for cooling. Recently, observations of MQT in IJJ close to 1 K were reported by several groups [14, 15, 16, 17, 18] . The advantages of IJJ qubit are not only higher operating temperature but also atomic-scale integration due to its crystal structure.
One striking MQT phenomenon attributed to the multiple stacking of IJJs is N 2 enhancement of the MQT rate Γ MQT reported by Jin et al. [15] , who observed that Γ MQT is about N 2 times larger when the stacked N IJJs simultaneously switch than when only the weakest IJJ among the stacked IJJs is switched. This phenomenon can be explained by considering a long-range coupling between IJJs in which any pairs of IJJs interact, whereas Γ MQT would be enhanced no more than 3N by taking the interaction with the nearest neighbors of IJJs into consideration. Koyama and Machida theoretically argued that the N 2 enhancement can be driven by the charge coupling between the CuO 2 double layers [19] , as well as the longitudinal Josephson plasma mode [4, 20] . Stacking effects for escape events including the N 2 enhancement have not been systematically understood so far. One important reason is that the number of switching junctions remains ambiguous.
In this paper, we report the fabrication of stacks with a few IJJs from overdoped PbBi2212 and Bi2223 single crystals and the measurements of current-voltage characteristics (IVC) and switching probability distributions (SPD) up to 5 K. The critical current density of the superconductive (R = 0) state is more than 1 kA/cm 2 , which is much higher than the case in Bi2212 and under-doped Bi2223 crystals. The saturation tendencies of the narrowing in the width of SPD were found that imply the crossovers from the TA to the MQT regions.
Theory of phase dynamics in a single Josephson junction
The current-voltage characteristic (IVC) of a single Josephson junction is described by the RCSJ-model introduced by Stewart [21] and McCumber [22] . This model is formulated as:
where ϕ is the gauge invariant phase difference between the superconducting electrodes of the Josephson junction, Q
−1
0 is a damping parameter, and I and I c are biased and critical currents, respectively. Q 0 = ω p0 RC is given by shunt resistance R, shunt capacitance C, and Josephson plasma frequency ω p0 = 2eI c /hC, which represents a quantum phase fluctuation. The phase dynamics described in Eq. (1) is an analogue of a damped motion of a Brownian particle with a mass of (h/2e) 2 C in a tilted cosine (washboard) potential U (ϕ) = −E J (cos ϕ + αϕ), where E J =hI c /2e is the Josephson coupling energy and α = I/I c .
Next, we discuss the underdamped (Q 0 1) case, where PbBi2212 and Bi2223 IJJs can be adopted. The zero-voltage (superconducting) state and the resistive state correspond to the particle trapped by barrier ∆U and running downward along the tilted potential, respectively. Escape from the potential can occur even α < 1 due to the thermal and the quantum fluctuations (resistive state). When α is decreased from the resistive state, the running particle is not immediately trapped because of its inertia. This results in the large hysteresis in the IV curve of an underdamped JJ. The escape rates by thermal and quantum processes are given by [23] :
and
respectively. Here, the potential barrier is given by ∆U = 2E J (
, and a t is a thermal prefactor that is approximated as 1 in this case. At high temperatures the thermal process is dominant, and the quantum process is independent of temperature. With decreasing temperature, Γ T A is suppressed and crossovers with Γ MQT at a sufficiently low temperature given by
when the quasiparticle dissipation is neglected. Experimentally, switching probability distribution P (I) from the zero-voltage state to the resistive state is measured as a function of the biased current. Indicating with N (t) the probability that the particle is trapped at time t, the probability that the particle escapes from the metastable state during a short interval dt is
where τ is the lifetime of the metastable state. After integration with initial condition N (0) = 1, we obtained
Considering α 0 P (α ) = 1 − N and replacing α with I, P (I) is finally given by
where dI/dt is the ramp rate of the bias current and Γ(I) is the escape rate of the thermal and the quantum processes.
Experiment
Single crystals of Bi2223 with a stable composition of Bi 2.1 Sr 1.9 Ca 2.0 Cu 3.0 O 10+δ were grown by the traveling solvent floating (TSFZ) method [24] . To increase critical current I c , the crystal was annealed at 800
• C in flowing oxygen for 100 hours. This oxidization process increased critical temperature T c from 87 to 107 K. Single crystals of PbBi2212 were grown by the self-flux method [25] . Mixed ingredient material with a nominal molar composition of Fig. 1(a) was taken by carefully cleaving a lump of crystals. Electron dispersive spectroscopy (EDS) analysis shows that the distribution of Pb in the crystal is almost homogenous and the composition is Bi 1.9 Pb 0.1 Sr 2.1 Ca 0.8 Cu 2.0 O 8+δ . The c-axis lattice constant was found to be 3.09 nm, and the bulk critical temperature T c was measured as 85 K.
Ultra-thin mesa structures were fabricated on the crystal that was glued to a sapphire substrate. To reduce the contact resistance between the electrodes and the topmost IJJs, that always disturbs precise measurement in mesa structures, we deposited a Ag thin film on the fresh surface cleaved inside the vacuum chamber (cleaving-invacuum method) [26] , as shown in Fig. 1(b-1) , to attain contact resistance as low as 10
The details are described elsewhere [10] . The covered surface of the crystal is kept away from deteriorations by vapors and solvents during the subsequent fabrication processes. The mesa structures were formed with electron-beam lithography and Arion milling ( Fig. 1(b-2) ). The slowest etching rate for Bi2212 is 0.7 nm/min, which enables control of the thickness layer by layer. Silver electrodes and SiO 2 insulation were formed by the lift-off and the self-align methods, respectively (Figs. 1(b-3)(b-4) ). Prepared mesas are listed in Table 1 The IVC's were recorded by taking traces on an analog oscilloscope under biasing triangular ac voltage with a constant amplitude to the circuit in which the mesa and a resistor are connected in a series. SPD measurements were done by a time-of-flight method [13, 27] with an arbitrary waveform generator and a time interval counter. The applied current waveform consists of a ramp pulse from I = 0 to current greater than the expected switching current and a starting trigger pulse. This unit including a certain interval is repeated over a period of 12.6 msec. The series resistor is much larger than the case of the IVC measurements so that the measurement circuit is a current-biased Josephson junction. Powder filters that eliminate thermal noise from the environment were installed for the measurements in Bi2223. The sample was cooled with a conventional physical property measurement system (PPMS) by Quantum Design Ltd., so that in the present experiment the lowest temperature is 5 K. Figure 2 represents IVC in Samples 23A (a) and PbB (b). Clearly there are one superconducting (vertical) R = 0 and two and five resistive quasiparticle branches with equal separation in the voltage for (a) and (b), respectively. In previous reports in Bi2223 [28] and PbBi2212 [29] mesa structures, the separation between the branches and the maximum current of each branch are less uniform. In Sample 23A, no Bi2212 phase was found in the measurement of the temperature dependence of the c axis resistivity. This is in contrast to the previous result where resistivity drops were found even below 90 K. This achievements are yielded by the cleaving-in-vacuum method and the precise control in the number of stacked IJJs. The return current where the highest resistive branch returns to the superconducting branch in a downward sweep is much smaller than the maximum current of superconducting branch I c1 , suggesting the system is a strongly underdamped Josephson junction, Q 0 1. I c1 is close to the other maximum currents I c2 , I c3 , and etc. This is in contrast to the results in pristine Bi2212, where I c1 is greatly suppressed due to a proximity effect of the topmost junction from the surface electrode [18] . Since the quasiparticle penetration is less for a system with higher Cooper pair density, either the post-annealing or the partial substitution of Bi for Pb results in higher I c1 . The critical current density J c1 is 1.5 and 3.2 kA/cm 2 for 23A and PbB, respectively, which is larger by more than an order of magnitude than the case in the pristine Bi2212.
Results and discussions

IV characteristics
SPD measurements
Escape rate Γ(I) is obtained through experimental P (I) with Eq. (7) as
where ∆I is the step-width of P (I). P (I) and Γ(I) for the 10,000 first switching events in Sample 23A at various bath temperatures T b from 5 to 65 K are shown in Fig. 3(a) . (ii) Thermal activation region, where T eff ≈ T b .
(iii) Higher temperature region, where T eff decreases with increasing T b .
For Sample 23A, regions (i), (ii), and (iii) correspond to the regions below 10 K, between 10 and 35 K, and above 35 K, respectively. These three regions are common among the results from various groups [30, 18] . The saturation of T eff due to MQT is expected at lower temperatures in region (i). Excellent agreements with T eff = T b in region (ii) strongly suggest that the TA model describes the switching dynamics very well, as discussed by several authors. In region (iii), we anticipate the phase-retrapping process in which thermal activation prevents continuous downward movement of the particle in the tilted washboard potential. MQT temperatures T MQT 's were estimated with I c0 at 5.0 K using Eq. (4), as listed in Table 1 . These estimations are supported by previous low temperature experiments in IJJs by many groups. For instance, in our pristine Bi2212 mesas [18] , measured crossover temperature 0.4 K is slightly smaller than estimated T MQT = 0.57 K. In this work, symptoms were found in region (i), although all T MQT 's are out of our temperature window. For Sample PbB, the extrapolation of T eff to lower temperatures implies saturation above 1 K.
To test how close our lowest temperature 5 K is to the quantum region, MQT rate Γ MQT is estimated by using Eq. (3). Figure 5 compares experimental Γ(I) with estimated Γ MQT with I c0 values at 5 K. Γ(I) is larger than Γ MQT by many orders of magnitude for all samples. Although it is probably relevant that the measured temperature is not sufficiently low, we would like to discuss three other plausible reasons for these high escape rates.
The first is the multiple switching effect. Since I c1 of PbB is so close to the maximum currents of the other branches, we did not resolve each switching event between the six branches; P (I) includes not only single-junction switching events but also multi-junction switching events. As reported by Jin et al., Γ(I) for multi-junction switching events in the stack with N IJJs is enhanced by the order of N 2 . It is impossible to evaluate the enhancement because we do not reach to sufficiently low temperatures, where T eff is certainly independent of T b . On the other hand, the difference between I c1 and I c2 in 23A is sufficient to resolve the first and the second switchings. Thus P (I) shown in Fig. 3(a) does not include the multiple-junction switching. This might explain why deviation from the TA model is smaller in 23A than in PbB.
The second is the large junction effect. When the junction size is larger than the Josephson penetration depth λ J , i.e., phase difference ϕ spatially varies, the escape rate is enhanced. This phenomena can be understood by considering a one-dimensional array of particles in the two-dimensional washboard potential [31, 32] . When one particle starts to escape from the barrier, the neighboring particles follow the escaping particle. The Josephson penetration depth for an IJJ is given by λ J ≡ ht/4eµ 0 J c λ 2 with λ = λ ab t/(t + d), where t, d, and λ ab are the thickness of the superconducting atomic layer (0.3 nm for Bi2212 and 0.65 nm for Bi2223), the thickness of the block layers (1.2 nm for both materials), and the ab-plane penetration depth, respectively [33] . Using respective J c = I c0 /A and λ ab = 170 nm for both materials, λ J 's for Samples 23A and PbB are estimated as 1.23 and 0.76 µm, respectively, which are rather smaller than the junction lengths. Therefore we have to consider the large junction effect.
The other is noise from the environments. It is easy to imagine that the fluctuation of the bias current attributed noise which penetrated the signal lines, and gives extrinsic fluctuation of the switching events, resulting in an increase in Γ(I). The signal lines of the MQT measurement setup often include low-pass powder filters whose cut-off frequencies are of the order of 1 GHz. In this work, a set of powder filters was used for measurements in 23A. This may be one reason that T eff deviates at higher temperatures in PbB than in 23A, even if both T eff and T b are normalized by T MQT .
In the present experiment, the heating of the mesas, electrodes, and their interfaces is almost negligible. According to our numerical simulation based on the Fourier's low, temperature rise ∆T of a 2 µm square, 15 nm thick mesa is 1.8 K at an injection current density of 2×10 4 A/cm 2 at a base temperature of 10 K [34] . In the present case, since the current density is ∼ 2×10 3 A/cm 2 , we expect ∆T ∼ 0.2 K because the Joule heating is proportional to the product of the square of the current density (×1/100) and the conductance (×10). By using other methods from previous papers on SPD in IJJs, ∆T is estimated to be not more than 0.2 K. Thus the heating should be considered a minor effect for large T eff .
The collapse of T eff in region (iii) is attributed to phase-retrapping by thermal fluctuation [30] , in which a particle that escapes from a barrier is trapped by another barrier. When retrapping rate is larger than thermal escape rate Γ T A , the probability of switching events is suppressed. In this case, the suppression of the escape rate at lower currents is more pronounced, resulting that skewness of P (I) changes in this temperature region as clearly simulated by Fenton and Warburton [35] . As seen in Fig. 3 , suppression of Γ(I) at lower current is remarkable below and above the onset of the collapse T * , and that at higher current monotonically increases with increasing T b . This result is consistent with the picture of phase-retrapping. T * is much higher than the case in Ref. [18] . This difference is easily explained by considering the difference in Josephson coupling energy E J . Larger thermal fluctuation is required to trap an escaped point from a higher potential barrier by assuming the same damping parameter Q 0 . Krasnov treats this phenomenon systematically among junctions with various Q 0 's and indicates the relation between k B T * /E J and Q 0 in Fig. 20 of Ref. [30] . The sets of (Q 0 , k B T * /E J ) for Samples 23A and PbB are estimated as (129, 0.025) and (94, 0.042), respectively. These values roughly agree with their extrapolations within an order of magnitude, although the tendency among our two values is opposite. This is partly due to the ambiguity in R for estimating Q 0 . Further systematic investigations on IJJs with higher Q 0 might reveal the whole features of the retrapping phenomena.
Summary
We investigated IVC and the switching dynamics of PbBi2212 and Bi2223 IJJ mesa structures. Because of higher carrier concentrations, the suppression of J c of the topmost IJJ is reduced in contrast to the case in pristine Bi2212, which has been previously reported. In a PbBi2212 mesa, fluctuation free critical current I c0 estimated from the SPD at 5 K yields MQT crossover temperature T MQT as 2.2 K, which is the highest value among BSCCO families previously reported. Precise control of the number of stacked atomic Josephson junctions enables us to investigate MQT and TA escape rates qualitatively as a function of the number of switching IJJs. Although practical experiments and discussions remain for coming issues, this approach definitely helps us understand the coup ling mechanisms of IJJs. 
